We compute for the first time the suppression of bottomonia in a strongly coupled QGP and compare the results to those from a weakly coupled QGP. Using imaginary time techniques we numerically determine the real and imaginary parts of the ground state binding energy of the bottomonia in one potential computed from AdS/CFT and another computed from pQCD. We then use these binding energies in a suppression model to determine the Υ(1S) nuclear modification factor in √ s N N = 2.76 TeV Pb+Pb collisions. AdS/CFT significantly overpredicts the suppression compared to data, although the predictive power of our calculation is limited by its significant sensitivity to the exact details of the suppression model.
I. INTRODUCTION
There is abundant evidence that high multiplicity collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) yield qualitatively new physics never before seen at previous colliding energies [1] [2] [3] [4] [5] [6] [7] . A natural explanation for these novel observations is that in these high multiplicity collisions a new phase of colored matter is created, known as the quark-gluon plasma (QGP), in which the relevant degrees of freedom for the strong nuclear force are no longer hadrons [8] . Currently, divergent ideas for the relevant dynamics of the QGP medium in high multiplicity hadronic collisions have had success in describing various experimental observables. For example, assuming the medium is best described using the strong coupling techniques of AdS/CFT explains the success of the picture of a rapidly thermodynamizing, nearly inviscid fluid that couples strongly to high transverse momentum (high-p T ) open partons [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Simultaneously, weak coupling techniques from perturbative quantum chromodynamics (pQCD) have also shown success in describing the distribution of both lowp T and high-p T particles in high multiplicity collisions . Even models that assume strong coupling dynamics for low-p T medium modes that are weakly coupled to high-p T modes have been argued as successfully describing LHC jet data [43] [44] [45] [46] .
In vacuum, quarkonia are bound states of a heavy quark and its anti-quark pair, e.g. the cc pair in a J/ψ meson or a bb pair in the Υ(1S) meson [47] . Embedded in a medium, the properties of quarkonia change. Matsui and Satz [48] were the first to propose that suppression of the J/ψ meson spectrum should be observed in the QGP due to Debye-screening of the color charge. Heavy quarkonia may theoretically exist in conjunction with the QGP at T > T c , where T c is the critical temperature required for QGP formation, due to its small binding radii relative to the screening radius, whereas lighter * brnnad007@myuct.ac.za † wa.horowitz@uct.ac.za hadrons dissociate at ∼ T c . At some T , the screening radius eventually becomes smaller than the typical heavy quarkonia radii, leading to their dissolution [49] . In addition, excited states of heavy quarkonia dissociate before the ground state [50] . The suppression of the bound states of heavy quarkonia in heavy-ion collisions is hence a valuable indicator of the formation of QGP, and the comparison of the quarkonia spectra in high multiplicity collisions to that in minimum bias p + p collisions where no QGP is formed is a useful probe of the QGP's properties. Also pioneered in [48] was the use of potential models to describe the interaction of the quark and antiquark in thepair to calculate the suppression of quarkonia spectra in heavy-ion collisions. In these potential models, the large mass and small relative velocity of the heavy quarks justifies the use of non-relativistic quantum mechanics to describe the quarkonia: the non-relativistic Schrödinger equation gives a binding energy for the quarkonia given a model potential for theinteraction.
Further works [51] [52] [53] [54] [55] have shown that in addition to a standard real Debye-screened term, the potential of heavy quarkonia at finite temperature contains an imaginary part which gives the thermal width of the state, and hence its suppression. One of the first to do so was [51] , which made use of perturbative methods to find the static potential of heavy quarkonia at finite temperature. They concluded that the thermal width of the state increases with temperature T , suggesting that at high T the dissociation due to the effect described by the imaginary part of the potential occurs before color screening can even come into effect. Physical interpretations of this damping were provided by [52, 53] in the form of inelastic scatterings of hard particles in the plasma with one another and surrounding gluons, with [56] suggesting that quarkonia suppression could also be attributed tocolor singlet to octet break-up even when the Debye mass is smaller than the quarkonia binding energy.
The complex-valued potential was explored further using non-perturbative lattice QCD by [54, 55] , allowing for the study of strongly coupled quarkonia as well. However, lattice techniques are restricted to quarkonia at or very near rest with respect to the medium and inverting arXiv:1706.09217v1 [hep-ph] 28 Jun 2017 lattice observables to the quarkonia potential is a nontrivial, possibly ill-defined process [57, 58] ; certainly another theoretical tool is required to investigate a quarkonium moving rapidly with respect to a strongly coupled medium.
The potential for static heavy quarkonia at finite temperature in N = 4 super Yang-Mills theory was calculated via the methods of AdS/CFT by [59] [60] [61] [62] [63] [64] . Liu, Rajagopal and Wiedemann (LRW) [65] were the first to present a description from AdS/CFT of the consequences of velocity on the screening length of charmonium. They found that the plasma screening length decreased with velocity and therefore could result in a significant additional source of suppression at high transverse momentum p T . Since then, [66] [67] [68] [69] have performed similar investigations. While the aforementioned are limited in their scope of application, it is interesting to note that [66] in particular concludes that the effect of velocity may not be as consequential as postulated in LRW.
On the other hand, from pQCD, [70] found a potential for weakly coupled heavy quarkonium states which is dependent on velocity and shows that the dissociation energy increases with quarkonia velocity.
We would ultimately like to investigate the consequences of these different velocity dependence pictures from AdS/CFT compared to pQCD. In this paper we have a more modest goal: to compare the experimentally measurable consequences of pQCD vs. AdS/CFT pictures for computing the quarkonia potential when the quarkonia are at rest with respect to the medium.
The usual observable used to compare theoretical predictions for quarkonia to data is the nuclear modification factor, R AA ({x i }), which is the ratio of the number of quarkonia observed in an A + A hadronic collision as a function of the set of variables {x i } to the number observed in minimum bias p + p collisions, scaled by the number of p + p-like collisions in the {x i } collisions. Should the production processes for quarkonia remain unchanged in an A + A collision, then an R AA less than 1 indicates a suppression of quarkonia and would indicate the presence of a medium that caused the quarkonia to dissociate.
One of the challenges of quarkonia research, however, is the significant number of unknowns that cloud the interpretation of R AA . For example, even in p+p collisions, the production mechanism for quarkonia is not under good theoretical control [57, 58] ; thus it is unclear how the production spectrum of quarkonia is affected quantitatively in A + A collisions. By focusing on bottomonia, whose formation time ∼ 1/2m b τ f orm , where τ f orm is the formation time of the QGP medium in A + A collisions, we hope to limit our theoretical uncertainty due to quarkonia formation physics.
Another complication is the possibility for regeneration. As √ s and T increase, the density of open charm in the medium increases. Then the possibility of quarkonia to spontaneously form from these charm combining or of dissociated quarkonia reforming through the capture of these open in-medium charm quarks increases. Since m b
T at RHIC and LHC and the hard production cross section for bottom is small enough, we can avoid considering regeneration in our bottomonia calculations [71] .
In this paper we consider the case of ground state bottomonia at rest with respect to an isotropic quark-gluon plasma. We follow the methodology outlined in Krouppa et al. [71] , with a number of improvements. Given a potential, we evolve a random wave function through imaginary time; after a sufficiently long evolution, only the ground state wave function remains. This ground state wave function then determines the ground state binding energy. We independently confirmed these binding energies by an application of the complex Ritz variational method [72] . Following Krouppa, we used the complex binding energies in a quarkonia suppression model to compute R AA .
The potential models used are presented in Section II, taken from leading-order perturbative calculations in [71] for weakly coupled quarkonia and AdS/CFT calculations in [61] for strongly coupled quarkonia. These potentials are used to solve the non-relativistic, time dependent Schrödinger Equation (TDSE) for the ground state energy and hence binding energy of Υ(1S), using the imaginary time techniques as outlined in Section III. The resulting binding energies as a function of temperature are provided in Section IV and are independently confirmed using complex variational methods as laid out in Appendix A. Our predictions for R AA as a function of N part and p T , respectively, follows in Section V. We conclude our manuscript with a Discussion and Outlook in Section VI.
II. POTENTIAL MODELS

A. Weakly Coupled Quarkonia
The potential model presented here for weakly coupled quarkonia is taken from [71] and is complex-valued as
. Both the real and the imaginary parts of the potential were found using leading-order perturbative calculations. The real part of the potential was derived from the Fourier transform of the gluon propagator in the real time formalism, and the imaginary part of the potential was derived from the symmetric propagator in the imaginary time formalism; these derivations are presented in [73] and [74] , respectively.
The real part of the potential is given by
where r is the distance between the quark and anti-quark in thepair, σ = 0.223 GeV 2 , and α = 0.385. We take m Q = 4.7 GeV for bottomonium. The anisotropic Debye mass µ [71] is defined as
where ξ is the anisotropic parameter. ξ = 0 in an isotropic plasma. Hence we take µ = m D , where m D is the Debye mass,
The factor of (1.4) 2 is an adjustment made to take into account higher-order corrections to the leading-order perturbative calculation of m D as determined using lattice calculations in [75] .
We will take m D 3 p hard , as was done in [71] , where p hard is a constant hard momentum scale for the particles in the QGP. From [76] , we have that given a fixed number density, p hard can be expressed as
Hence we take T = p hard for ξ = 0. With parameters N c = 3, N f = 2 and α s = 3α/4 from the relation α ≡
We plot [V (r)] as a function of quark separation r for various temperatures in Fig. 1a .
The imaginary part of the weakly coupled potential is given by
wherer ≡ m D r and
We do not include the functions ψ 1 (r, θ) and ψ 2 (r, θ) here since they are irrelevant in our isotropic plasma, but are available in [71] . We plot [V (r)] as a function of quark separation r for various temperatures in Fig. 1b .
Note that, in order not to cut off the wave function prematurely, the potential must be considered at least as far as 20 fm. The function in Eq. (4) reduces in part to a Meijer G-function which becomes unstable for r 10 fm. Hence, we imposed a maximum allowed value on r ofr max = 29.95, which resulted in [V (r)] leveling off consistently as shown in Fig. 1b .
B. Strongly Coupled Quarkonia
We modeled the strongly coupled heavy quarkonia at rest in a QGP with the potential given in Albacete et al. [61] . In that work, the authors derive the potential in N = 4 super Yang-Mills at finite temperature using AdS/CFT based on the methods of Rey et al. [59] and Brandhuber et al. [60] . , as a function of the distance r between the quark and anti-quark in the bb, for various T in an isotropic plasma. T = Tc is denoted by the dotted black line, T = 1.5 Tc by the solid orange line, T = 2 Tc by the dashed red line, T = 2.5 Tc by the thick blue line and T = 3 Tc by the dashed-dotted green line. We take the critical temperature to be Tc = 192 MeV [76] .
The potential in [61] is given by
where λ is the 't Hooft coupling, c 0 = Γ 2 1 4 /(2π) 3/2 , and F is the usual Gaussian hypergeometric function. The temperature dependence comes from z h = 1/πT , and z max is found from the implicit equation
Note that z max , and hence the potential, becomes complex for r > r c 0.870 z h . The original papers [59, 60] abandon the solution at this point, but [61] does not. Considering that both weakly coupled pQCD and nonperturbative lattice QCD methods yield heavy quark potentials with both real and imaginary parts, it is sensible to expect the same using AdS/CFT methods. Further, allowing for complex z max smooths out the kink in the potential from [59, 60] , and does not violate any precepts of AdS/CFT. Fig. 2 shows the real and imaginary parts of z max , respectively, versus quark separation r for T = 1/π GeV. The solution for [z max ] denoted by the solid line is chosen as the physically relevant one, as was done in [61] . This choice is made because that solution agrees with the solution first found by Maldacena [77] for a heavy quark potential in vacuum for N = 4 SYM theory, given in Eq. (7), which reduces to z max = rc 0 at zero temperature.
Furthermore, the solid root is chosen for [z max ] over its complex conjugate. This choice is justified as follows. The time evolution of the wave function of any given state is e −iEt ∼ e [E]t . In order to ensure that the probability of a single state does not exceed one, we require that [E] < 0 [61] , and therefore [V s (r)] < 0. We thus choose the positive root for [z max ], which yields the required negative [V s (r)]. Fig. 3a and 3b show the real and imaginary parts of V s (r) as a function of quark separation r, calculated using the roots chosen for z max as shown in Fig. 2 , and taking λ = 10.
As mentioned earlier, [77] gives the heavy quark potential in a vacuum at zero temperature as
The plot of V 0 (r) is given in Fig. 3a for comparison. Note that the real parts of the pQCD and AdS/CFT potentials, shown in Fig. 1a and 3a , respectively, are similar in form, but the imaginary parts from pQCD and AdS/CFT, shown in Fig. 1b and 3b , respectively, differ greatly: the imaginary part of the pQCD potential saturates as a function of r whereas that of the AdS/CFT potential diverges.
III. NUMERICAL INTEGRATION OF TDSE
The methodology used here follows that of [71, 76, 78] , adapted to the special case of an isotropic plasma, with various modifications of the discretization as explained further below. In order to compute the ground state wave function, and hence the binding energy, we need to solve the non-relativistic, time dependent Schrödinger Equation (TDSE) in spherical coordinates, subject to a spherically symmetric wave function Ψ = Ψ(r, t). The TDSE is thus i∂ t Ψ(r, t) = HΨ(r, t),
where the Hamiltonian H is
where m ≡ m 1 m 2 /(m 1 + m 2 ) is the reduced mass of the quarkonium. Note that f (θ, φ) can be neglected since we are dealing with an isotropic quark gluon plasma. We take = c = 1 throughout the paper. Performing a Wick rotation to an imaginary time τ ≡ it, Eq. (8) has the general solution
Since E n > E 0 for all n > 0, one can evolve forward in imaginary time such that all the higher order wave functions are suppressed and only the ground state wave function remains: where ψ 0 (r) is the ground state wave function and E 0 the ground state energy.
For simplicity, we will redefine the imaginary time to be dimensionless, τ ≡ itm, along with further dimensionless quantities ρ, R(ρ), and W (ρ),
The TDSE in terms of the dimensionless quantities is
We improve upon the finite difference time domain (FDTD) scheme implemented in [76] (and elaborated upon in [78] ) by using a Crank-Nicolson Scheme, since this scheme is stable for much larger time steps ∆τ [79] . Given a PDE of the form
one can discretize it as follows:
where we use the notation
where we define τ n ≡ (n − 1)∆τ and ρ i ≡ (i − 1)∆ρ, the discretization of Eq. (13) is then
For the binding energy plots shown in Section IV, we used ∆r = 0.01 fm and ∆τ = 10(∆ρ) 2 , where we have that ∆ρ = m∆r. Note that for both the weakly and strongly coupled potentials, we implemented an r cut = 10 −5 /m Q > 0 on the potentials to ensure that solutions did not blow up at r = 0. The binding energy of the state can then be found from
where the ground state energy E 0 can be found from the 
FIG. 4. The (a) negative real part of E bind and (b) negative imaginary part of E bind for Υ(1S). The blue, red, and orange curves give the results for weakly coupled and strongly coupled (λ = 10 and λ = 5.5) Υ(1S), respectively, computed from the imaginary time method of Section III. The dashed white curves inside the blue and red curves are from the independent evaluation using the complex variational method of Appendix A. The results from KRS [76] , which should be identical to the blue curves, are given as solid green for comparison.
ground state wave function,
For weakly coupled quarkonia, the real part of the potential Eq. (1) at infinity reduces to a constant,
In the case of the strongly coupled potential Eq. (5), [V s (|r| → ∞)] = 0.
IV. BINDING ENERGY RESULTS
Fig. 4a is a plot of the real part of the binding energy of Υ(1S) from the pQCD potential, Eq. (1) and (3), and strongly coupled potential, Eq. (5), as a function of temperature. Similarly, Fig. 4b gives the imaginary part of the binding energies for all cases mentioned above.
For the AdS/CFT results, we show the binding energy both for the case where the coupling constant is λ = 10 (labeled as α s = 0.27) and where λ = 5.5; the reasoning behind the choice of these values is explained in Section V. The binding energy results for bottomonium from [76] are labeled "pQCD (KRS)" and are included for comparison.
Both the binding energy results presented for the pQCD potential and the AdS/CFT potential taking λ = 10 were independently confirmed using a complex variational method, further explained in Appendix A. The binding energy found from our adapted methodology for the pQCD potential, Eq. (1) and (3), differs quantitatively from that presented in [76] , which was used in Krouppa et al. [71] to calculate suppression. In the case of Υ(1S), this difference does not change the qualitative behavior of the quarkonia, since both results suggest that the quarkonia remain bound up to at least T = 3 T c . However, we will see in Section V that the small quantitative differences in the derived binding energies lead to a significant quantitative difference in the predicted suppression.
In the case of ground state charmonium, J/ψ, however, we see a qualitative difference in binding energies. The plot given in [76] agrees with the commonly accepted wisdom from lattice QCD that J/ψ mesons cease to exist as a bound state between 1.5 T c and 2.5 T c . However, using the same potential in [76] but with our methodology, we find that the J/ψ do not dissociate in this temperature range.
That our results for the pQCD potential from [76] indicate bound charmonia above T 3T c suggests a need either for an adjustment to the potential given in [71] , since we believe our results to be more accurate than those presented in [76] , or a slightly different approach in the interpretation of lattice QCD results with regards to the dissociation of J/ψ at T ∼ 1.5 T c . We suspect that the plot presented in [76] resulted from the authors integrating over too small a spatial region (they indicated that they considered an r max of 5 fm, whereas our results were sensitive to values of r max as large as ∼15 fm) or not imposing restrictions on the Meijer G-function present in the [V (r)] as we did in Section II A.
The imaginary part of the binding energies from AdS/CFT are notably larger than those of weakly coupled quarkonia, and rise more steeply. This result is not surprising as the AdS/CFT potential has a divergent imaginary part, compared to the saturation of the imaginary part of the pQCD potential.
Unlike in the case of the weakly coupled quarkonia where the Υ(1S) remains bound for the temperature range considered, the strongly coupled Υ(1S) dissociates at ∼1.9 T c . The comparatively larger imaginary part of the binding energy up to the temperature at which the bottomonium dissociates implies a much larger thermal width at higher T , and hence a larger suppression.
V. SUPPRESSION
We would like to make quantitative predictions for the suppression of bottomonia in heavy ion collisions and compare to measured data. The nuclear modification factor R AA is calculated following [71] :
where the thermal width Γ(τ, x ⊥ , ς) is given as
We take γ dis = 10 GeV, as was done in [71] . Furthermore, b is the impact parameter, and y the rapidity, taken to be zero. The formation time τ form is calculated using
where τ 0 form = 0.2 fm is taken for the initial formation time of the state [71] . Lastly, the final time τ f is taken as the time at which the temperature T of the QGP drops below the critical temperature T c .
We use the optical limit of the Glauber model [81] to describe the background in the case of √ s NN = 2.76 TeV Pb+Pb collisions. Taking a weighted average over the region with limits x ⊥ = [−10, 10] fm, we have
where T AA (x ⊥ , b) is the nuclear overlap function and
is the number of binary nucleon-nucleon collisions in the region.
We set a central temperature T 0 = 522 MeV and initial formation time τ 0 = 0.3 fm, as is done in [71] . Hence the temperature T of the QGP is given by
where β = 0.231 GeV fm is a proportionality constant and ρ part the participant density. Fig. 5a gives the nuclear modification factor R AA for each of the sets of binding energies shown in Fig. 4a and 4b as a function of the number of participating nucleons N part . To this end, the R AA (p T , b) from Eq. (24) is averaged over the transverse momentum range 0 ≤ p T ≤ 40 with a weighting of E −4 [71] . Fig. 5b shows R AA (p T ), where all centrality classes are included, weighed by the number of binary nucleonnucleon collisions N coll .
Suppression results for mid-rapidity (|y| < 2.4) Pb+Pb collisions at √ s NN = 2.76 TeV from the CMS Collaboration [80] are included in Fig. 5a and 5b for comparison. We show in Fig. 5a and 5b two predictions for the suppression of strongly coupled bottomonia in an attempt to at least partially map out some of the systematic theoretical uncertainties associated with the use of the AdS/CFT correspondence. Since we used a potential derived in AdS-space dual to maximally supersymmetric Yang-Mills theory, there is no single obvious map between the parameters of QCD and of N = 4 SYM. For the α s = 0.27 curve, we took λ SY M = 10 and T SY M = T QCD , where λ SY M = 10 = √ 4πα s N c (and thus α s = 0.27 for N c = 3) is approximately the value of the QCD running coupling constant evaluated at the first Matsubara frequency of the plasma. For the λ = 5.5 curve, the coupling constant was set by a comparison to thepotential from lattice and T SY M = T QCD /3 −1/4 is a result of assuming the entropies of the QCD and SYM plasmas are the same [82] .
We show in Fig. 5a and 5b three predictions for weakly coupled bottomonia: 1) the suppression using the binding energies we compute from the potential in [76] run through our medium background, 2) the suppression using the binding energies computed in [76] run through our medium background, and 3) the suppression quoted in [71] in which they run the binding energies computed in [76] through their background.
VI. DISCUSSION AND OUTLOOK
In this paper we computed for the first time the suppression of bottomonia in an isotropic strongly coupled QGP and compared the results to those from a weakly coupled QGP and to data from the CMS Collaboration [80] .
The non-relativistic, time dependent, radially symmetric Schrödinger Equation was solved numerically in order to find the ground state wave functions for two potential models: one from pQCD and one from AdS/CFT. The discretized, numerical evaluation of the imaginary time Schrödinger Equation was performed using a CrankNicolson Scheme, evolving forward in imaginary time until all higher order wave functions were sufficiently suppressed. The potential used for weakly coupled quarkonia was taken from [76] , in which the potential came from leading-order pQCD with various corrections. The strongly coupled quarkonia potential was taken from [61] , who obtained their potential from AdS/CFT.
The ground state wave functions obtained were then used to find the (complex) ground state energies for Υ(1S). These ground state energies were then independently confirmed using a complex variational technique [72] . Our binding energies for the weakly coupled potential in [76] differed somewhat from those found in [76] , likely due to extending the physical region under consideration and from a possibly more careful treatment of the potential. For Υ(1S), the difference was only quantitative, but for J/ψ the difference was qualitative: for the potential in [76] , we found charmonia remain bound up to at least T ∼ 3T c .
Our first results for Υ(1S) strongly coupled to a strongly coupled plasma show binding energies with much larger imaginary parts than those found from the pQCD potential, as well as real parts that become positive within the T c to 3 T c range considered. Thus, for the potential models considered here, a strongly coupled Υ(1S) interacting with a strongly coupled plasma melts at a lower temperature than a weakly coupled Υ(1S) interacting with a weakly coupled plasma. The Υ(1S) hence appears more strongly bound at weak coupling than at strong coupling, which is surprising.
Since the weak coupling bottomonia become more strongly bound as the coupling is increased and the strong coupling bottomonia become less strongly bound as the coupling decreases, that the weak coupling bottomonia is more strongly bound at weak coupling than at strong coupling suggests some non-monotonic behavior of the binding energies at the threshold between the weak and strong coupling regimes. This non-monotonic behavior possibly stems from deriving the potential at weak coupling in QCD whereas the strong coupling potential was derived in the slightly different theory, N = 4 SYM; it would be interesting to compare binding energies from the quarkonium potential at weak and strong coupling consistently within N = 4 SYM.
We then input the complex ground state binding energies we found into an implementation of the suppression model described in [71] to determine the Υ(1S) nuclear modification factor R AA as a function of the number of participating nucleons, N part , and of transverse momentum, p T , respectively. The difference in binding energies for the two coupling scenarios is echoed in the R AA results: from the larger imaginary parts of the strongly coupled binding energies, we see a significantly larger suppression for strongly coupled Υ(1S) than for weakly coupled Υ(1S). Quantitatively, our full model-comprised of the potential, the resulting quarkonia binding energies, and the translation to R AA -significantly overpredicts the suppression of strongly coupled bottomonia compared to data. At the same time, our predictions for weakly coupled bottomonia are consistent with data.
We note that our model for the medium is significantly less sophisticated compared to that used in [71] : our background is an optical Glauber model as opposed to the 3+1D viscous anisotropic hydrodynamics in that work. Our medium incorporates only Bjorken expansion, whereas the background in [71] includes transverse expansion and entropy production. Therefore the plasma in [71] cools faster than ours, leading to our model show-ing more dissociation for the same binding energies. The extent of the sensitivity of R AA to the background used is surprisingly large. With the only difference being the background geometry used, we ran the binding energies from [76] through our suppression model and found an R AA a factor of two smaller than that shown in [71] .
In contrast to the favorable comparison between the pQCD-based results of [71] and the CMS data [7] , if we assume our weak coupling binding energies are more accurate than those of [76] , then computing R AA with the more sophisticated background from [71] would likely yield a significant underprediction of the suppression of bottomonia.
At strong coupling, with a potential derived from AdS/CFT as described in [61] , it seems unlikely that the use of a more sophisticated background would reduce the suppression of bottomonia enough that the predicted R AA would be consistent with data; however, the differences from using a more sophisticated background, suppression model, and velocity dependent potential may ultimately be sufficient for future strongly coupled quarkonia predictions to be consistent with current data.
We leave the implementation of more advanced calculations of quarkonia suppression-including better modeling of the medium background, more accurate initial quarkonia production, a more realistic dissociation model, and the use of velocity dependent potentials-and a more thorough investigation of systematic theoretical uncertainties in quarkonia R AA for future work.
where ψ( x; α) is a parameter-dependent trial wave function, with α ∈ C m . In the event that Hψ( x; α 0 ) = Eψ( x; α 0 ) is satisfied for some ψ( x; α 0 ) and (ψ( α 0 )|ψ( α 0 )) = 0, then we have that
Note that the complex variational method only guarantees that ψ( x; α 0 ) is a stationary wave function of the eigenvalue problem, not necessarily the ground state, as is the case with the real-valued potential Ritz variational method. Since the imaginary time techniques described in Section III guarantee a ground state wave function if the imaginary time evolution is large enough, then a conclusion from these complex variational methods of the existence of a stationary state with binding energies equal to those from the imaginary time evolution is sufficient to confirm the imaginary time evolution ground state binding energy results. 
